Biocompatibility is a major challenge for successful application of many biomaterials. In this study the ability to coat chemically and enzymatically activated poly(L-lactic acid) (PLA) membranes with heat denatured human serum albumin to improve biocompatibility was investigated. PLA membranes hydrolyzed with NaOH or cutinase and then treated with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, hydrochloride (EDAC) as a heterobifunctional cross-linker promoted the coupling ACOOH groups on PLA membranes and ANH 2 groups of heat denatured human serum albumin. This resulted in increased hydrophilicity (lowest water contact angles of 43°and 35°) and highest antioxidant activity (quenching of 79 lM and 115 lM tetramethylazobisquinone (TMAMQ) for NaOH and cutinase pretreated membranes, respectively). FTIR analysis of modified PLA membranes showed new peaks attributed to human serum albumin (amide bond, NH 2 and side chain stretching) appearing within 3600-3000 cm À1 and 1700-1500 cm À1 (Fig. 3) . MTT studies also showed that osteoblasts-like and MC-3T3-E1 cells viability increased 2.4 times as compared to untreated PLA membranes. The study therefore shows that this strategy of modifying the surfaces of PLA polymers could significantly improve biocompatibility.
Introduction
Poly-lactic acid, approved by the US Food and Drug Administration (FDA) as well as the European regulatory authorities for food application and many biomedical applications [1] [2] [3] has proved to be a highly versatile polymer that can be tailored into a wide spectrum of products ranging from packaging material, drug delivery systems, implant material, surgical material, tissue engineering scaffolds to bone fixation devices (plates, pins, screws, etc. [4] [5] [6] [7] [8] ). Although PLA has been approved for these applications [4, 9] , several studies have also shown that contact of some of the PLA based products with human body is associated with biocompatibility problems including inducing nodules and foreign-body granulomas [10] and post-implantation inflammation [11] . PLA hydrophobicity has also been shown to affect cell attachment, viability and proliferation [12] [13] [14] [15] . Hence, many strategies including those employing natural materials like gelatin, collagen, alginate or biotin for coating PLA polymers are being intensely investigated to improve the biocompatibility of PLA based biomaterials [16, 17] . Unlike these common studies, this study investigates the possibility of increasing the biocompatibility, hydrophilicity and antioxidant properties of PLA membranes by chemically and enzymatically grafting heat denatured (unfolded) human serum albumin. Human serum albumin was chosen for this application because it does not participate in haemostasis, is a known good blood contacting material [18, 19] and does not trigger immunologic responses [20] . Further albumin/glutaraldehyde BioGlue is the most widely used as a surgical sealant [21, 22] and recently a recombinant human albumin known as Albucult from Novozymes has also been launched [23] . Albumin is also a hydrophilic biomolecule, an important factor positively impacting on cell adhesion, viability and proliferation on biomaterials [24] . For example, albumin coatings have been found to improve endothelial-cell attachment and growth [25] , reduce fibrinogen adsorption and decrease platelet activation [26] [27] [28] . We believe that these attributes will improve the biocompatibility of PLA based biomaterials. Further, in blood, human serum albumin is code-named the ''sponge or tramp streamer'' of the circulation because of its ability to mop up a wide range of reactive oxygen species and bind many foreign molecules, metals and organic molecules alike. Its antioxidant activity is estimated to account for more than 70% of that in serum [29] . This property is important for maintaining the redox potential of the environment thereby preventing oxidative stress.
Materials and methods

Materials
The following reagents; sodium citrate, disodium hydrogen phosphate, sodium dihydrogen phosphate, sodium chloride, NaOH, EDTA, HCl, ethanol, methanol, isopropanol, ethyl acetate, Titron X-100, sodium carbonate, N,N-dimethylformamide were purchased from Merck, Vienna, Austria. Syringaldazine, p-nitrophenyl butyrate (PNPB), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDAC), dichloromethane (MC), Dulbecco's modified eagle medium; 3-{4,5-dimethylthiazol-2yl}-2,5-diphenyl-2H-tetrazoliumbromide (MTT), fetal bovine serum, trypsin, penicillin, streptomycin were obtained from Sigma-Aldrich, Vienna, Austria. Coomassie brilliant blue R-250 dye was purchases from BIO-RAD, Vienna, Austria and other remaining reagents were purchased from Lactan, Austria. Purasorb PL18 PLLA of average molecular weight of 217.000-225.000 g mol À1 was purchased from Purac, Barcelona, Spain. MC3T3-E1 cells (RCB1126, an osteoblast-like cell line from C57BL/6 mouse calvaria) were obtained from the RIKEN Cell Bank (Tsukuba, Japan). Cutinase from Humicola Insolens, was kindly provided by Novozymes (Bagsvaerd, Denmark). Laccase from Trametes modesta was produced and purified as described as previously described by Nugroho Prasetyo et al. [29] .
Preparation of PLA membranes
Purasorb PL18 PLLA, with an average molecular weight between 217.000 and 225.000 g mol
À1
, purchased from Purac was dissolved in a 3/7 (v/v) mixture of N,N-dimethylformamide (DMF, from Merck) and dichloromethane (MC, from Sigma-Aldrich) to achieve a polymer concentration of 10 wt.% in the solution. The process was stirred at room temperature using a magnetic stirrer until complete dissolution. Biodegradable poly(L-lactic acid) electrospun membranes were prepared by electrospinning as described by Roche et al. [30] and Ribeiro et al. [31] . Fibril mats with mean diameter of 700 nm (standard deviation ±235 nm) were obtained using a rotating collector. The polymer fibers obtained after electrospinning were nearly amorphous, as determined by DSC thermograms. Further isothermal annealing at temperatures in the range between 70 and 140°C allowed controlled crystallization of the polymer without disturbing fibrils morphology [32] . In this way, non-oriented mats with approximately were produced. PLA membranes were collected in a drum of 20.3 cm diameter
Cutinase activity assay
Esterase activity was measured at 25°C using p-nitrophenyl butyrate (PNPB) as substrate following the method described by Ribitsch et al. [33] with some modifications. The final assay mixture had a total volume of 200 lL, the substrate concentration used was 50 mM diluted in 50 mM phosphate buffer at pH 7. The activity was spectrophotometrically determined by following the absorbance increase at 405 nm with a Tecan INFITE M200 plate reader (Vienna, Austria).
(e = 11.86 mmol À1 cm
À1
). The activity was calculated in units, where 1 unit was defined as the amount of enzyme required to hydrolyze 1 lmol of substrate per minute under the given assay conditions.
Surface activation of PLA membranes
Before activation of the PLA membranes, they were cut in 5 Â 3 cm pieces. In order to remove possible dirt from the membrane surface, they were washed first using Titron X-100 (5 g/l), 100 mM of Na 2 CO 3 pH 7 and then followed by two steps washes using deionized water with vigorous agitation. Each step lasted 30 min and was performed at 37°C. Two different strategies namely; chemical (NaOH hydrolysis of PLA membranes) and enzymatic (cutinases hydrolysis of PLA membranes) were used to activate the PLA membranes. PLA films were incubated in 2 ml 100 mM phosphate buffer pH 7 containing 10 U/ml cutinase final activity and incubated at 30°C for 2 h while shaking at 50 rpm. Alternatively, NaOH activation of PLA membranes was performed as described previously by Bruckner et al. [34] . After activation samples were washed again using the same three step process described above.
Surface modification of PLA membranes with human serum albumin
In order to increase the grafting of human serum albumin and to increase surface covered by albumin on the PLA membranes, the effect of binding preheated (unfolded) albumin at 37, 70, 80 and 90°C was investigated. The generated ACOOH residues on PLA membrane surface (5 Â 3 cm pieces) during surface activation were directly reacted with albumin or further incubated with 10 mg/ml heterobifunctional cross-linker 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, hydrochloride (EDAC) at 0°C for 4 h in phosphate-buffered saline solution (PBS, pH 4.5) before adding preheated albumin (4 mg/ml in PBS) and further incubating for 24 h at 30°C. In this case the EDAC, a water-soluble carbodiimide, reacted with generated PLA ACOOH groups and free ANH 2 groups on albumin to form amide bonds [14] . The membranes were then taken out from the solution, thoroughly washed (5Â distilled water) and twice in methanol and then rinsed with double distilled water to remove any ungrafted albumin or impurities.
2.6. Surface characterization of modified PLA membranes 2.6.1. Hydrophilicty and coomassie brilliant blue R-250 staining of PLA membranes
The hydrophilicity of modified PLA membranes (5 Â 3 cm pieces) was investigated by measuring the contact angle at room temperature using a commercial Krüss Easy Drop system (Krüss Gmbh, Germany). After washing-off unbound albumin from the PLA membranes and drying them, the sessile contact angle of water was measured five seconds after drop deposition according to the Young-Laplace method using a DataPhysics OCA 35 goniometer and SCA20 software. The drop volume was 1.5 lL and for each PLA membrane the contact angle was measured on 7 spots and the results averaged. The grafted human serum albumin was further qualitatively visualized according to the procedure used by Nyanhongo et al. [35] with slight modifications. Briefly the PLA modified membranes were immersed in a solution of coomassie brilliant blue R-250 dye, incubated for 30 min, destained using a solution containing 5% methanol, 7.5% acetic acid, double distilled water (v/v/v) and further rinsed with double distilled water. 2.6.3. Total antioxidant capacity assay using tetramethoxy azobismethylene quinone (TMAMQ) Tetramethoxy azobismethylene quinone (TMAMQ) was produced as previously described by Nugroho Prasetyo et al. [36] .
Briefly, syringaldazine (0.17 mM) was incubated with 50 lL of laccase (20 nkat/mL) from T. modesta laccase produced and purified as described as previously described by Nugroho Prasetyo et al. [36] . Laccase oxidation of syringaldazine was conducted in 50 mM sodium citrate buffer at pH 4.5 for 10 min at 30°C in a 10 ml total volume. The concentration of formed TMAMQ was estimated using a molar extinction coefficient of 6.5 Â 10 4 M À1 cm À1 . The enzyme free TMAMQ was then extracted by adding 500 mL liquid ethyl acetate and recovered in solid form under vacuum. The unmodified and modified PLA membranes (5 Â 3 cm pieces) were incubated separately with 200 lM TMAMQ 50% v/v ethanol/double distilled water at 30°C while shaking at 140 rpm for 4 h. The reduction of TMAMQ in the experiment was monitored at 530 nm the decrease in absorbance compared to the control.
Cell viability and proliferation studies
For cell viability studies circular PLA membranes from different treatments as described above were cut into membranes of 1 cm diameter sizes and sterilized by UV for 3 h before seeding cells. MC-3T3-E1 cells (Riken cell bank, Japan) and osteoblast cells (2 Â 10 4 cells/well) were cultivated in Dulbecco's modified Eagle's medium (DMEM), containing 1 g/L glucose (Gibco), supplemented with 10% Fetal Bovine Serum (FBS) (Fisher) and 1% of penicillin/ streptomycin, at 37°C in a 95% humidified air containing 5% CO 2 .
To evaluate the cell viability and proliferation on different PLA membranes, the cells were seeded onto 24-well TC plates covered with the coated PLA membranes and incubated for up to 5 days. For the quantification of cell viability, the cells were transferred into new plates and (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) added [37] . After 1 h incubation the medium and excess (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was removed and replaced with 0.2 mL of 0.04 M HCl in isopropanol to solubilize the converted dye. The solubilized converted dye (150 lL) in each well was transferred to another 96-well plate, and the absorbance values of the converted dye measured at 540 nm using a Thermo Electron MK3 micrometer, UK. The mean value of the four readings for each sample was used as the final result. Cell viability was expressed as a proportion of the absorbance value for tissue culture polystyrene (TCPS) in the same culture medium.
Results and discussion
Surface functionalization of PLA membranes was monitored using different strategies including measuring increase in hydrophilicity, Fourier transform infrared spectroscopy (FTIR), antioxidant capacity and cell viability. During the initial screening stages the effect of preheating human serum albumin in order to unfold the protein and increase the binding surface area on the PLA membranes was investigated at 37, 70, 80 and 90°C. As shown in Fig. 1 , cutinase hydrolyzed-EDAC activated PLA membranes modified with human serum albumin preheated at 80°C showed the highest albumin binding capacity as evidenced by coomasive blue stain (Fig. 1) and the increase in antioxidant activity (Fig. 2) .
These results were further confirmed with the observed increase in antioxidant activity. PLA membranes treated with cutinase cross-linked with EDAC and treated with human serum albumin preheated at 80°C showed the antioxidant activity followed by respective PLA membranes activated with NaOH (Fig. 2) .
This probably indicates that at 80°C the albumin was sufficiently extended (unfolded) allowing multiple binding sites onto the PLA membrane surface and also exposing a number of amino acids with antioxidant properties. Heating the human serum albumin at 80°C therefore might have exposed the hidden 35 cysteine residues known to form disulfide bridges in the tertiary structure [38] [39] [40] [41] . Cysteine is a wellknown antioxidant. Surprisingly, NaOH treated membranes did not show a defined trend although the human serum albumin preheated at 70°C samples showed a slight increase in antioxidant activity. The difference between the antioxidant activities of cutinase and NaOH activated samples therefore maybe attributed to the extent of activation of PLA membranes by the different systems.
Further studies were therefore carried out with human serum albumin preheated at 80°C. Increasing the concentration of EDAC from 10 mg/ml to 20 mg/ml and albumin preheated at 80°C concentration from 4 mg/ml to 12 mg/ml in the reaction mixture resulted in increased hydrophilicity (measured contact angles) and total antioxidant activities of PLA membranes activated with either NaOH or cutinase and treated with EDAC as a cross-linker (Table 1) as compared to results obtained during screening in Fig. 2 . All modified PLA membranes had water contact angles lower than the untreated samples (Table 1 ) although different treatments resulted in different hydrophilicity. PLA membranes hydrolyzed with cutinase-treated EDAC -modified with albumin and PLA hydrolyzed by NaOH-treated with EDAC -modified with albumin showed the highest hydrophilicity (Table 1) with contact angles as low as 43°and 35°, respectively. This again shows and confirms that treatment of PLA membranes with either NaOH or cutinase was able to hydrolyze the ester bonds on the polylactic acid thereby generating ACOOH groups which then reacted with EDAC and in turn the PLA coupled EDAC reacted with free ANH 2 groups on albumin or other reactive groups.
The importance of EDAC in this study cannot be over emphasized as evidenced by both decreased contact angle and total antioxidant activity of the respective PLA membranes (Table 1) . EDAC is a well-known heterobifunctional cross-linker used in peptide synthesis; cross-linking proteins to nucleic acids; and preparation of immunoconjugates [42] [43] [44] . The increase in the total antioxidant activity (amount of quenched TMAMQ) further confirmed that indeed albumin was successfully grafted onto the PLA membranes and that heating albumin helped expose amino acids groups with antioxidant properties buried inside the 3-D structure. The increase in hydrophilic groups such as AONH 2 or AOCOOH enhanced surface wettability of PLA (decrease in water contact angle). These hydrophilic groups are important as they interact with proteins, glycoproteins and proteoglycans both in the culture medium and the cell membranes thereby accelerating cell adhesion and improving biocompatibility.
FTIR measurements performed on PLA membranes before and after modification also confirmed that indeed human serum albumin was successfully grafted onto the PLA membranes in both PLA membranes activated with NaOH and cutinase, treated with EDAC further modified with human serum albumin preheated at 80° (  Fig. 3a and b) . The spectrum of unmodified PLA membranes shows that the peaks from 3000 to 2944 cm À1 are due to the CAH stretching while the peak around 1751 cm À1 is attributed to C@O bending in PLA (Fig. 3a and b) . Successful coupling of human serum albumin is evidenced by new emerging NH 2 , amide bond and side chain stretching appearing peaks between 3700 and 3000 cm À1 as well as amide bonds appearing from 1700 to 1500 cm À1 indicated by arrows in both Fig. 3a and b. This is because albumin is characterized by strong amide bonds classified into amides I, II and II [45, 46] . These peaks are assigned to the stretching vibration of AOH, amide A (mainly ANH stretching vibration), amide I (mainly C@O stretching vibration), and amide II (the coupling of bending vibration of NAH and stretching vibration of CAN) bands, respectively [45] . A NH 2 region in the infrared spectrum between 3200 cm À1 and 3700 cm À1 represents bands with different origin namely amides I, II and III [46] .
Osteoblast-like and MC-3T3-E1 cell viability and proliferation on modified PLA membranes was further investigated over a period of 5 days (Figs. 4a and 4b) . Although cell viability and proliferation on non-modified PLA membranes was not inhibited in both cases and continued to increase, it was greatly enhanced in all modified PLA membranes (Figs. 4a and 4b ). These studies are in agreement with previous studies which demonstrated that cytocompatibility was increased on surfaces with ACONH 2 functional groups [17] and studies by Jiao et al. [47] who also noted that addition of bovine serum albumin significantly promoted osteoblastslike compatibility on PLA films. Similarly, the NaOH and cutinase hydrolyzed PLA membranes with supposedly increased ACOOH groups showed less cell viability as compared to similar PLA which were further treated with EDAC and albumin leading to the formation of ACONH 2 (Figs. 4a and 4b) .
PLA activated surfaces further modified with albumin improved cytocompatibility as evidenced by enhanced cell viability in both PLA membranes hydrolyzed with cutinase treated with EDAC and modified with albumin as well as PLA membranes hydrolyzed with NaOH treated with EDAC and modified with albumin (Figs. 4a and  4b) . The cells spread very well and interacted strongly with the surface and the entire surface was covered by the cells forming a uniform and continuous monolayer. These results show that modification of PLA membranes with human serum albumin preheated at 80°C improves cell attachment, spreading, morphology, proliferation and viability. Further, although traditionally wet chemical methods or plasma approaches have been commonly used to functionalize the surface of polyesters [48] in this study cutinase has also been shown to be able to hydrolyze the ester bonds of PLA membranes, making it an attractive alternative tool for PLA functionalization. Indeed many enzymes like esterases [49] , lipases [50] and cutinases [51] have been successfully used to hydrolyze the polyester backbone enabling subsequent functionalization steps. Enzymes are generally regarded as environmentally friendly and highly selective catalysts.
Conclusions
This study shows that PLA membranes can be activated both chemically and enzymatically resulting in the formation of ACOOH functional groups which can be further reacted with a heterobifunctional cross-linker (EDAC) leading to successful grafting of human serum albumin preheated at 80°C. FTIR analysis, indeed confirmed that albumin was successfully grafted onto the PLA membranes. These surface modification strategies increased hydrophilicity, radical scavenging ability of PLA membranes and consequently cell viability as well as proliferation of osteoblast and MC-3T3-E1 cells. This shows that the grafted human serum albumiń s hydrophilic groups were important for promoting interaction between PLA membranes and cells resulting in improved cytocompatibility.
